Molecular dynamics (MD) simulations are performed to study the structure of Ni62Nb38 bulk metallic glass at the atomistic level. Structural analysis based on the cluster alignment method is carried out and a new Nicentered distorted-icosahedra (DISICO) motif is excavated. We show that the short-range order and mediumrange order in the glass are enhanced with lower cooling rate. Almost 50% of the clusters around the Ni atoms in the well-annealed Ni62Nb38 glass sample from our MD simulations can be classified as DISICO. It is revealed that the structural distortion with respect to the perfect icosahedra is driven by chemical ordering in the distorted region of the DISICO motif. The relationship between the structure, energy, and dynamics in this glass-forming alloy during the cooling and annealing processes is also established. Molecular dynamics (MD) simulations are performed to study the structure of Ni 62 Nb 38 bulk metallic glass at the atomistic level. Structural analysis based on the cluster alignment method is carried out and a new Ni-centered distorted-icosahedra (DISICO) motif is excavated. We show that the short-range order and medium-range order in the glass are enhanced with lower cooling rate. Almost 50% of the clusters around the Ni atoms in the well-annealed Ni 62 Nb 38 glass sample from our MD simulations can be classified as DISICO. It is revealed that the structural distortion with respect to the perfect icosahedra is driven by chemical ordering in the distorted region of the DISICO motif. The relationship between the structure, energy, and dynamics in this glass-forming alloy during the cooling and annealing processes is also established. Published by AIP Publishing.
I. INTRODUCTION
Since the first discovery of the metallic glass (MG), 1 extensive studies have shown that many MGs possess special short-range order (SRO) structures [2] [3] [4] [5] and unusual properties. [6] [7] [8] [9] Among the unsolved problems, the relationship between the atomic-level structure and the properties is a fundamental one and has aroused intensive interest in the past few years. 10, 11 In many cases, the number of chemical elements in MGs is more than three, 12 making the study on the structural order at the atomistic level more difficult. Fortunately, binary MGs have recently been found in systems like Cu-Zr, [13] [14] [15] [16] Pd-Si, 17 Ni-Nb, [18] [19] [20] Al-Sm, 21 etc., and many studies on the structure-property relationship were carried out in these binary systems. [22] [23] [24] [25] [26] The Ni-Nb binary alloy at the eutectic composition, i.e., Ni 59.5 Nb 40.5 , was shown to be a good glass former about 4 decades ago. 18 Glass formation at other compositions in the Ni-Nb binary system was also reported in later studies. For example, Zhu et al. 19 reported that 1.5 mm diameter fully amorphous rods of binary Ni 61.5 Nb 38.5 can be fabricated by copper mold injection casting methods. Xia et al. 20 studied the glass-forming ability (GFA) in Ni x Nb 100-x (x ¼ 59.5, 60.5, 61, 61.5, 62, and 62.5) binary alloys and found that the best glass former is an off-eutectic Ni 62 Nb 38 alloy which can be cast into fully glassy rods up to 2 mm in diameter. However, the studies on the structure-property relationship in the best Ni-Nb glass former, i.e., Ni 62 Nb 38 , are still very few. Tian et al. 27 performed ab initio molecular dynamics (MD) simulation on Ni 62.5 Nb 37.5 and found that the icosahedra (ICO) motif exists in the liquid and becomes dominant in the amorphous state. This study sheds light on the atomistic structure of the amorphous state, but the glassy sample produced is under the cooling rate of more than 10 13 K/s and limited by the atomic numbers in the model (only 200 atoms). Very recently, Zhang et al. 28 developed a semi-empirical potential of the Finnis-Sinclair (FS) type 29 and performed MD simulations to show that a network in combination of ICO clusters centered on Ni atoms with Z14, Z15, and Z16 28 clusters centered on Nb atoms would be responsible for the glass formation in this system. Moreover, Xu et al. 30 applied this new-released potential and found that the calculated pair correlation functions and structure factors match well with the experimental data in the compositions Ni x Nb 1-x (x ¼ 50-70 at. %). They also reveal that the dynamics is insensitive to the compositions in Ni-Nb alloys, which are quite different from Cu-Zr alloys. However, the main difference between simulation and experiment is that the cooling rate employed in the former (normally faster than 10 9 K/s) is much larger than that in the latter ($10 3 -10 6 K/s). Consequently, further studies to investigate the cooling rate dependence of the structural order in this system are desirable.
Recently, a sub-T g annealing method 31 which anneals the sample just below and close to the glass transition temperature (T g ) is applied to achieve the effective lower cooling rate and has been shown to be effective in Cu-Zr 32 and AlSm 33 systems. In the present study, we employ the sub-T g annealing method on Ni 62 Nb 38 MG to investigate the evolution of structural order. The MG sample of Ni 62 Nb 38 has been achieved with an effective cooling rate of 1:58 Â 10 8 K/s and the structure factor S(q) of the sub-T g annealed a)
sample is closer to that of measured by experiment. In order to characterize the structure motif, cluster alignment 34, 35 and pair-wise alignment plus clique analysis methods 24 are applied on the glassy samples generated from the MD simulations. A new distorted-icosahedra (DISICO) motif is found to be dominant in the glass samples. Comparing the samples with different cooling processes, the evolution of short-range order (SRO) and medium-range order (MRO) is investigated. Finally, the connection between the structure, energy and dynamics is studied through the cooling and annealing processes. In the cooling process, the "crossover" phenomenon [36] [37] [38] which denotes the deviation of diffusion coefficient from the Arrhenius behavior as the temperature is lowered is observed which is found to be accompanied by the boom of SRO.
II. SIMULATION DETAILS AND ANALYSIS METHODS
Molecular dynamics simulation with an NPT ensemble at zero pressure is carried out on a Ni 62 Nb 38 system by using the LAMMPS package 39 and the periodic boundary conditions are applied through the whole process. The time step of the simulation is 2.5 fs. The liquid sample with 3100 Ni atoms and 1900 Nb atoms is initially equilibrated at 2000 K for 2.5 ns and then cooled down continuously to 300 K at the rate of 10 9 , 10 10 , 10
, and 10 13 K/s, respectively. The samples at the cooling rate from 10 10 to 10 13 K/s are repeated five times and the simulation at 10 9 K/s is repeated three times by changing the initial velocity. In Fig. 1 , the energy change in the cooling process at 10 10 K/s is plotted. T g is determined to be around 1000 K and the sub-T g annealing method is then applied on the 10 10 K/s quenched sample at 950 K for 2.0 ls, followed by a continuous quenching to 300 K at 10 10 K/s. MD trajectories over 500 ps are used to calculate the averaged atomic positions at 300 K to remove the thermal vibration effects. At other temperatures, the inherent structures which are obtained by freezing structures rapidly are used for structural analysis.
Cluster alignment 34, 35 and pair-wise alignment/clique methods 24 are carried out on the samples with different cooling processes to excavate and characterize the atomistic SRO in the samples. For the cluster alignment method, an alignment score is calculated to define how much the aligned cluster deviates from the motif in a given template 24, 33 f ¼ min
where N is the number of neighbor atoms in the template, r ic and r it are the atomic positions in the aligned cluster and template, respectively, and a is a coefficient to adapt the template's bond length. In order to achieve an optimal alignment, the range of a is chosen between 0.8 and 1.2 which helps the aligned cluster match with the template. The smaller score indicates the higher similarity between the aligned cluster and the motif in the template. The pair-wise alignment 24 is based on the cluster alignment method 34, 35 and the difference is that the clusters centered on the same type of atom are aligned with each other instead of using templates. It computes a similarity matrix with N(N-1)/2 alignment scores for N clusters. Then, the maximal clique analysis 24 is applied to explore the dominant structural motif among the aligned clusters.
III. RESULTS AND DISCUSSION
A. Effective cooling rate by sub-T g annealing First, the effectiveness of the sub-T g annealing is studied from the aspect of the potential energy as plotted in Fig. 2 . A linear dependence of potential energy on the logarithm of the cooling rate is observed for the continuously cooled samples, which is also seen in Cu-Zr, 31, 32 Al-Sm, 33 and Ni-Zr 40 systems. The potential energy decreases by 5 to 6 meV/atom when the cooling rate is lowered by an order of magnitude. Assuming that this linear relationship persists for even lower cooling rates, extrapolation of the linear dependence yields effective cooling rates of 1:58 Â 10 8 K/s after annealing at 950 K for 2.0 ls. The total simulation time for the continuous quenching at this cooling rate would be 10.76 ls. Therefore, the sub-T g annealing speeds up the simulation by a factor of 5 for this system.
B. Partial pair correlation functions and structure factor
The sub-T g annealed sample is accomplished with a lower effective cooling rate and thus closer to the experiment. Now we investigate the evolution of structural order in glassy samples with different cooling processes. The partial correlation functions g(r) for the samples with different cooling rates are displayed in Figs. 3(a)-3(c) and we can see that the overall shapes of the g(r)s do not change much with different cooling rates, but the relative heights and positions of the peaks in the g(r)s are dependent on the cooling rate. For g Ni-Ni (r) and g Ni-Nb (r), both the first and the second peaks are enhanced with decreasing cooling rate indicating that SRO and MRO are more developed around the Ni atoms in the sample. The development of SRO and MRO upon slower cooling can be seen more clearly by using the cluster alignment analysis as will be discussed later in this paper. For g Nb-Nb (r), the height of the first peak slightly decreases, but the second peak is obviously strengthened with the lower cooling rate and in the sub-T g annealing, which can be explained as "solute-solute avoidance." 41 The positions of the first peak in g(r) are around 2.49 Å , 2.61 Å , and 3.03 Å for g Ni-Ni (r), g Ni-Nb (r), and g Nb-Nb (r), respectively. The Ni-Nb distance (2.61 Å ) is shorter than the average value (2.76 Å ) of the Ni-Ni and Nb-Nb bond lengths, suggesting the enhanced Ni-Nb bonding attributed to the charge transfer between Ni and Nb. 27 The evolution of the structure factor S(q) with the cooling rate is plotted in Fig. 3(d) and the equations for calculation are listed in Ref. 33 . When comparing with the experimental data from Ref. 28 , we observe that S(q) of the sub-T g annealed sample with the enhanced first peak is closer to the X-ray data. The simulation results fit the experimental data pretty well which validates the potential employed in this study. From the results of potential energy, pair correlation functions, and the comparison of the structure factor with experiment, the sub-T g annealing process is effective and a more stable and relaxed glassy sample is produced.
C. Structural and chemical order
From the pair correlation functions, the coordination numbers determined for Ni and Nb are around 12.2 and 15.4, respectively, by using the first minimum of g(r) as the cutoff. In order to excavate and characterize the SRO in the glassy samples, we first apply pair-wise alignment and clique analysis 24 on the sub-T g annealed glassy sample to identify the dominant local order motif for this system. A new motif centered on Ni obtained from our analysis is plotted in Fig. 4(a) . Compared with the perfect ICO shown in Fig. 4(b) , the cluster shown in Fig. 4 (a) exhibits considerable distortions from the perfect ICO, particularly at the right-bottom part of the cluster (the sites colored in brown and orange and included in the dashed circle). As a result, two pentagons in the perfect ICO shrink to two approximate quadrangles in the distorted ICO cluster which intersect at the brown sites. In the following paragraph, we name this new distorted ICO motif "DISICO" for short.
Using the newly identified DISICO along with other commonly used 28 BCC, FCC, HCP, and ICO for Ni-centered templates, and BCC, FCC, HCP, ICO, Z14, Z15, and Z16 (the structure of Z14, Z15, and Z16 can be found in Ref. 10) for Nb centered templates, cluster-template one-on-one alignment analysis is performed on all Ni-and Nb-centered clusters extracted from the glassy sample generated by MD simulations at different cooling rates (including the one from sub-T g annealing).
The distribution of the alignment scores for Ni-and Nbcentered clusters in the sub-T g annealed glassy samples at 300 K is shown in Figs. 4(c) and 4(d), respectively. When the alignment score cutoff of 0.15 is used to assign both the Ni-and Nb-centered clusters to different motifs, DISICO and ICO are found to be the dominant SRO covering 49.10% and 10.74% of the total Ni-centered clusters, respectively. The high fraction of distorted and perfect ICO implies good GFA of this system. As for the Nb-centered motifs, Z14, Z15, and Z16 are found to be the abundant ones with the fraction of 8.11%, 18.16%, and 5.16% of the total Nbcentered clusters, respectively. The dominant motifs in Niand Nb-centered clusters agree with their own coordination numbers calculated from the pair correlation functions.
In almost all the cluster alignment analyses in previous studies, only geometry is considered without distinguishing the chemical identity of atoms in each position. By including the chemical identity of the atoms around the positions of the template after alignment, 34 we can investigate not only the geometrical structure order but also the chemical Figure 6 (a) shows the fractions of major Ni-and Nbcentered clusters at 300 K with different effective cooling rates. We can see that the fractions of all the major SRO clusters increase as the effective cooling rate decreases, indicating that a more stable and relaxed glassy sample was generated from MD simulation with a lower cooling rate. For Ni-centered ICO and Nb-centered Z14, Z15, and Z16 motifs, their fraction in the sub-T g annealed glassy sample increases by about 60% in comparison with those in the sample generated at a cooling rate of 10 13 K/s. As for the Ni-centered DISICO motif, the fraction is already very large in the fastest-quenched sample and decreasing the cooling rate continues to enhance such a SRO. In Fig. 6(b) , the fractions of the dominant Ni-and Nb-centered clusters at different temperatures under a cooling rate of 10 10 K/s are displayed. It is observed that at temperatures higher than 1400 K, the fractions of the Ni-and Nb-centered SRO remain almost constant. When the temperature is lower than 1300 K, the SRO develops significantly implying that the system jumps out the basins belonging to the high temperature and starts to visit the basins with lower potential energy on the energy landscape. In this study, we also carry out a 2000 ns sub-T g annealing just below T g and it is of high interest to investigate the evolution of the SRO during this process. Figure  6 (c) plots the fraction of the dominant motifs centered on Ni and Nb by every 200 ns during the annealing process. Both the Ni-and Nb-centered motifs are observed to increase in the annealing process and a higher fraction of SRO indicates a more stable amorphous sample which explains the lower potential energy after sub-T g annealing as shown in Fig. 2 .
E. Medium-range order
After studying the evolution of the SRO, we extend the analysis to the MRO to see how the SRO clusters in the glass samples are connected. Here, we focus on the MRO among the dominant Ni-centered motifs. The radial distribution function of the center atoms of the DISICO and ICO clusters, G c r ð Þ ¼ 4pr 2 q c g c ðrÞ, is introduced to show the correlation among the clusters where g c (r) is the pair correlation function calculated only for the center Ni atom in DISICO or ICO and q c is their corresponding number density in the sample. Figures 7(a) and 7(b) show the G c (r) from the center atoms of the DISICO and ICO clusters at different effective cooling rates, respectively. It is clear that the first peak of the G c (r) for the ICO centers is much higher than the second and third peaks suggesting the tendency for ICO to be interpenetrated. 32 For DISICO, however, the intensity of the first peak in their G c (r) is not as high as that of the second and third peaks indicating much less interpenetrated DISICO clusters as compared to the perfect ICO. All peaks in the G c (r) of ICO are enhanced with decreasing cooling rate. As for the DISICO, the first peak is much less sensitive to the cooling rate, while the second and third peaks become more intense with lowering the cooling rate. In this case, the distortions in DISICO make this motif less efficient for interpenetrating packing. Figures 7(c) and 7(d) show some typical networks of the DISICO clusters and the different types of connections. There are 4 types of connections between DISICO. In Fig. 7(c) , the atoms in red show the connection of interpenetrating between DISICO 1 and 2 and the blue ones represent the face-sharing between 1 and 3. In Fig. 7(d) , the edge connected by two brown atoms displays the edge-sharing between 1 and 4 and the orange atom connects two DISICO indicating vertex-sharing between 1 and 5. The distribution of the distance between two DISICO centers adopting each type of connection is shown in Fig. 7 (e). Here, "Vertex" stands for vertex-sharing, "Edge" for edge-sharing, "Face" for face-sharing, and "Inter" for interpenetrating. It can be seen that the first peak in Fig. 7(a) is attributed to interpenetrating, the second peak at around 4.2 Å results from both the face-sharing and edge-sharing, and the third peak at around 5.2 Å is caused by the edge-sharing and vertex-sharing. The distributions of different types of connections for DISICO, ICO, and between ICO and DISICO are shown in Fig. 7(f) . It can be clearly seen that DISICO is less likely to be interpenetrated and more likely to be involved in vertex-sharing and edge-sharing compared to ICO, indicating that DISICO is less efficient in geometry packing. For the connection between DISICO and ICO, vertex-sharing and face-sharing are also more popular than interpenetrating.
With the Ni-centered DISICO accounting for almost 50% of the total Ni-centered clusters, it is interesting to see whether the DISICO clusters are percolating 42, 43 or not. Figure 8 shows the centers of the Ni-centered DISICO of the sub-T g annealed sample at 300 K. If two centers are within the distance of 3 Å , there is a bond connecting them indicating that the two DISICO are interpenetrated. It can be observed that there is a backbone formed by the yellow balls which is percolating in the configuration. In this way, we can show that the centers of the Ni-centered DISICO percolate through the sample and form a backbone in the glass configuration. However, further studies are still needed to give a detailed description of this backbone and relate it with macroscopic properties.
To see the dependence of the MRO on the function of the cooling rate, we examine the fraction of interpenetrating ICO clusters in the ICO networks and the coordination , and between ICO þ DISICO (in blue). "Vertex," "Edge," "Face," and "Inter" represent vertex-sharing, edge-sharing, facesharing, and interpenetrating, respectively, in (e) and (f).
numbers of ICO-ICO centers (using a cutoff distance of 3 Å ) at different effective cooling rates, respectively. As shown in Fig. 9 , with the decreasing cooling rate, more ICO centers are within the cutoff distance of another ICO center and the interpenetrating network becomes more widespread with more ICO centers involved in it. In this perspective, the lower cooling rate increases the number of SROs and enhances the packing in the MRO at the same time, indicating that the real glasses would exhibit highly interconnected and stabilized ICO networks.
F. Connection between the structure and dynamics
Finally, we investigate the relationship between the structure, energy, and dynamics in the glass system during the cooling and annealing process. The dynamics of a system is usually quantified by the mean-square displacements (MSD) of the atoms as a function of time
where N is the number of atoms, R i are the coordinates of atom i, and s is the arbitrary origin of time. The selfdiffusivity is then calculated using the Einstein's relation
In the cooling process, the boom of clusters below 1300 K shown in Fig. 6 (b) may be a signature for the "crossover" phenomenon [36] [37] [38] and the diffusion coefficients at different temperatures are presented in Fig. 10(a) . It is clear that the deviation from linear Arrhenius relations starts to emerge also at about 1300 K. The crossover from Arrhenius to nonArrhenius in the dynamics view is connected firmly with the SRO development from the structural point of view. This phenomenon has also been found in several supercooled Lennard-Jones binary mixtures where locally preferred structures are associated with the super-Arrhenius behavior and fragility. 44 However, the embedded-atom method (EAM) potential used in the present work could describe the interaction between the metal atoms in the system more accurately. In this way, the connection between structures and the "crossover" phenomenon found here not only validates the previous results from the universal Lennard-Jones systems, 44 but also could give a convincing demonstration on a realistic metallic alloy system. In order to establish the structuredynamics relationship during the annealing process, first we need to determine a proper time window (Dt). If Dt is too small, the hopping process 45 would not take place. But if it is too large, the initial structure cannot be preserved. Here, we use the method similar to that in Ref. 46 . When we choose Dt ¼ 10 ns, the mean displacements (square root of MSD) are 1.89 Å and 1.18 Å for Ni and Nb, respectively, as shown in Fig. 10(b) . Considering the first peak of g Ni-Ni (r) and g NbNi (r) at around 2.49 Å and 2.61 Å , respectively, we believe that the time window of 10 ns can basically preserve the initial structure. We then calculate the self-part of the timedependent van Hove correlation function 47 with Dt ¼ 10 ns and the function is defined as relatively faster as if they are still in the liquid state. In Fig.  10(d) , the fraction of mobile atoms in Ni and Nb is plotted.
As the annealing process goes on, the fraction of mobile atoms decreases for both Ni and Nb. The fraction of mobile atoms is lower in Nb because Nb atoms diffuse more slowly than Ni as can be seen in Fig. 10(b) . Then, we investigate the relationship between different motifs and dynamics. belonging to the center of each motif for Ni-and Nbcentered clusters, respectively. For Ni-centered motifs, the fraction of mobile atoms is the lowest in ICO center. DISICO, with some distortions from ICO, exhibit a larger fraction of mobile atoms but still lower than that of all Ni atoms. As for the Nb-centered SROs, the centers of Z14, Z15, and Z16 are slower compared to the average level.
Icosahedrally structured domains with slow dynamics which grow with cooling have also been found in a simple monatomic glass-forming liquid by MD with Lennard-Jones potential. 48 Besides, the formation of stable domains like icosahedral structures is found to correspond to deeper traps in the potential energy surface in Lennard-Jones mixtures. 49 In another binary metallic glass system, Cu-Zr, Zhang et al. 50 provided a statistical way to identify mobile and immobile atoms and found that immobile atoms exhibit a predominantly ICO order and mobile atoms are with the low symmetry packing. Douglas et al. 51 built a relationship between the picosecond ("fast") dynamics and long-time structural relaxation over the full range of temperatures and alloys compositions of Cu-Zr and the self-diffusion coefficients could be predicted by the relationship in conjunction with the Fractional Stokes-Einstein (FSE) relation. 52 However, the structure-dynamics correlation is also found to be system dependent in recent years. [53] [54] [55] Widmer-Cooper and Harrowell 53 reported that the short-time fluctuations could predict the spatial distribution of the long-time dynamic propensities pretty well in a simulated 2D glassforming mixture. Hocky et al. 54 found that the correlation between the structure and dynamics is only strong in systems that deviate from the mean-field picture of glassy dynamics by studying four different Lennard-Jones mixtures. Jack et al. 55 demonstrated that the correlation between dynamics and low energy local structures is rather weak in two Lennard-Jones systems. For the system in the present paper, SROs exhibiting more sluggish mobility develop in the sub-T g annealing process, which are connected to the lower potential energy and the dynamical slowdown for the system. A similar connection has also been found in polydisperse colloidal liquids by Kawasaki and Tanaka, 56 where the origin of cooperative slow dynamics is the growth of a criticallike static order associated with low free energy. However, the bond orientational order method 57 used in Ref. 56 may not be valid for binary systems with different sized particles. [58] [59] [60] [61] In this light, the connection found in the present paper validates and extends the conclusion in Ref. 56 .
IV. CONCLUSIONS
In this work, we carried out molecular dynamics study on a Ni 62 Nb 38 bulk MG forming system with the newly developed EAM potential. First, the glass transition temperature is determined to be around 1000 K and the sub-T g annealing process is employed at 950 K for 2.0 ls. A wellrelaxed glassy sample with lower potential energy is then achieved when cooled to 300 K. The structure factor of the sub-T g annealed sample agrees better with experiment than that of the continuously quenched samples at a higher cooling rate. Then, the state-of-the-art structural analysis algorithms such as cluster alignment and pair-wise alignment methods are applied to investigate and characterize the SROs. A distorted ICO (DISICO) motif is excavated and has a fraction of almost 50% of Ni-centered clusters in the sub-T g annealed sample. The dominant DISICO and ICO imply good GFA of this system. A chemical order characterization method at each position of the motif is achieved based on the alignment method. The DISICO and ICO exhibit about the same total fraction of Nb atoms in the motifs. When it comes to each position, DISICO show rather uneven distribution of the fraction of Nb atoms compared to ICO. In the cooling process, the SRO starts to develop at around 1300 K which corresponds to the temperature where the deviation from Arrhenius relation emerges for the diffusion coefficient. In this way, the "crossover" phenomenon is connected firmly with the structural order. With a lower effective cooling rate, the fraction of the SRO increases and the MRO is enhanced. For DISICO, they exhibit lower possibility to be interpenetrated than ICO, which deteriorates their packing efficiency. With almost 50% of Ni-centered clusters as DISICO, the DISICO centers form a backbone which is percolating through the sample. As for ICO, the fraction of ICO centers in the interpenetrating networks and the coordination numbers of ICO-ICO centers increase with decreasing cooling rate indicating a denser packed ICO network. In the annealing process, the increase of the SRO with sluggish mobility explains the lower potential energy and the dynamical slowdown of the system.
